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AlxGa1xN/GaN superlattice electron blocking layers (EBLs) with gradually decreasing Al
composition toward the p-type GaN layer are introduced to GaInN-based high-power light-emitting
diodes (LEDs). GaInN/GaN multiple quantum well LEDs with 5- and 9-period Al-composition-
graded AlxGa1xN/GaN EBL show comparable operating voltage, higher efficiency as well as less
efficiency droop than LEDs having conventional bulk AlGaN EBL, which is attributed to the
superlattice doping effect, enhanced hole injection into the active region, and reduced potential
drop in the EBL by grading Al compositions. Simulation results reveal a reduction in electron
leakage for the superlattice EBL, in agreement with experimental results.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817800]
GaN-based light-emitting diodes (LEDs) have attracted
considerable attention as energy-efficient and environmen-
tally benign solid-state lighting sources. However, the gradual
decrease in internal quantum efficiency (IQE) with increasing
input current, called efficiency droop, is a major obstacle in
the widespread adoption of LEDs for general illumination.
Many physical mechanisms including Auger recombina-
tion,1,2 delocalization of carriers from In-rich low-defect-
density regions,3,4 and electron leakage5,6 have been proposed
as the possible reasons for efficiency droop. Recently,
Meyaard et al. reported that the asymmetry in carrier trans-
port, caused by much lower concentration and mobility of
holes, compared with electrons, is the dominant mechanism
causing for efficiency droop.7,8 Introducing a highly p-doped
AlGaN electron-blocking layer (EBL) with a high Al compo-
sition may mitigate the degree of the asymmetry by means of
a high potential barrier for electron leakage but a low barrier
for hole injection. However, it is very difficult to realize such
an ideal EBL because as the Al composition in AlGaN
increases (i) the hole concentration decreases due to increase
in the ionization energy of the p-type dopant Mg, and (ii) the
potential barrier for blocking electron leakage is counteracted
by the increase in positive piezoelectric polarization sheet
charge at the interface between the GaN spacer and the
AlGaN EBL. Mg doped AlGaN/GaN superlattices (SLs) have
been introduced to increase the hole concentration and to
block electrons escaping from the active region;9–14 however,
such SL EBLs cause a penalty in operating voltage, due to
hole transport that is hindered by the series of potential bar-
riers at the AlGaN/GaN hetero-interfaces of the SL EBL.
In this study, we present AlGaN/GaN SL-EBLs having a
graded Al mole fraction, called graded SL-EBL (GSL-EBL),
designed for achieving, simultaneously, a high IQE and
reduced efficiency droop while avoiding the operating volt-
age penalty. In agreement with our simulation results,
GaInN/GaN MQW LEDs with AlGaN/GaN GSL-EBLs
show both higher IQE and reduced efficiency droop, com-
pared to LEDs with conventional bulk AlGaN EBL.
The optoelectronic properties of GaInN/GaN MQW
LEDs (1 1mm2) with various EBL structures—conventional
bulk Al0.13Ga0.87N EBL, 9-period Al0.23Ga0.77N/GaN SL-
EBL, and 9-period AlxGa1xN/GaN GSL-EBL (x varies
from 0.23 to 0.15), as schematically shown in Fig. 1—
were simulated by using the Advance Physical Model of
Semiconductor Devices (APSYS) simulator. Commonly
accepted physical parameters were used in the simulations,
including Auger coefficient of 1 1031cm6/s, radiative
recombination coefficient of 1011cm3/s, spontaneous and
piezoelectric polarization elementary charge densities of
1.04 1013 and 2.74 1012 cm2 in the MQW and the
EBL, respectively.15 Band parameters for ternary layers,
such as GaInN or AlGaN were calculated by using
Vegard’s rule while considering the bowing effect. Figures
2(a) and 2(b) show calculated energy band diagrams, the
hole concentration in each quantum well, and the electron
current density at the forward current density of 35A/cm2.
The polarization mismatch at hetero-interfaces results in
the formation of large sheet charges, causing large triangu-
larly shaped GaN barriers between the GaInN MQWs. For
the reference LED with bulk Al0.13Ga0.87N EBL, the posi-
tive polarization sheet charge at the interface between the
GaN spacer and the EBL pulls down the conduction band
edge, and thus, lowers the effective potential barrier (DEC)
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intended to prevent electron leakage. Increasing the Al
composition in the EBL increases DEC but pulls the con-
duction band further down, thereby preventing an effective
suppression of the electron leakage. Consequently, the
electron current density that escapes from the MQW active
region—electron leakage—is very high, which may cause
the significant efficiency droop and poor IQE.
The electron leakage is remarkably reduced by using
SL-EBL and GSL-EBL because the SL-doping effect9 to-
gether with higher Al composition in AlGaN result in more
effective electron blocking as well as better hole injection
than the bulk EBL case, as shown in Fig. 2(b). However,
the potential drop in the SL-EBL region is severe, as shown
in the energy band diagram, indicating that the SL-EBL
LED suffers from a high operating voltage despite the SL
doping effect. This is attributed to the large lattice mis-
match at the AlGaN/GaN hetero-interfaces causing large
polarization-induced electric fields, as well as to the higher
overall Al composition of the SL-EBL compared with the
bulk EBL. By grading the Al composition, the voltage drop
across the GSL-EBL becomes smaller than that for the
SL-EBL due to the smaller lattice mismatch between
AlGaN and GaN layer and lower overall Al content in the
EBL. In addition, the lower Al composition on the p-type
side reduces the potential barrier for hole injection, leading
to less electron leakage and a higher hole concentration at
the last-grown quantum well where most of the radiative
recombination occurs.16 As expected from the calculated
energy band diagram and from the distribution of carriers
under steady-state operation, the LED with GSL-EBL
shows the highest peak efficiency and lowest efficiency
droop. The operating voltage for the GSL-EBL LED is
lower than the SL-EBL LED, however higher than that for
the reference LED, which we attribute to the much larger
proportion of resistive AlGaN, which can be overcome by
using a GSL-EBL with fewer periods, for example, a
5-period GSL-EBL.
For experimental verification of the advantageous effect
of the GSL-EBL, GaInN/GaN MQW LEDs with three differ-
ent EBL structures—conventional bulk AlGaN EBL,
9-period AlxGa1xN/GaN GSL-EBL (9-period GSL-EBL),
and 5-period AlxGa1xN/GaN GSL-EBL (5-period GSL-
EBL)—were grown on c-plane sapphire substrate by metal-
organic vapor phase epitaxy. A 2 lm-thick unintentionally
doped GaN was grown first, followed by a 20-period of
GaInN/GaN short-period SL layer, a 3 lm-thick Si-doped
n-type GaN layer (n¼ 5 1018 cm3), and a 5-period
Ga0.8In0.2N (3 nm, undoped)/GaN (9 nm, Si-doped, n¼ 5
 1017cm3) MQW active region. The three different types
of EBL structures were grown on top of the MQW active
region. The 18 nm-thick p-type Al0.20Ga0.80N bulk EBL
structure was used as a reference. The 5-period GSL-EBL
consisted of 5 periods of AlxGa1xN/GaN bi-layers (x varies
from 0.23 to 0.07 with 0.04 intervals) with thicknesses of
2 nm for the AlGaN quantum barriers (QBs) and 3.6 nm for
GaN quantum wells (QWs). Likewise, the 9-period GSL-
EBL consisted of 9 periods of AlxGa1xN/GaN bi-layers
(x varies from 0.23 to 0.07 with 0.02 intervals) with thick-
ness of 2 nm for both QWs and QBs, respectively. Both
AlGaN and GaN in the GSL-EBLs are Mg doped to realize
the SL-doping effect. Finally, a 100 nm-thick Mg doped
p-type GaN layer (p¼ 4 1017 cm3) was grown on the
EBLs. The three LED wafers having the 3 different EBLs
were processed into 600 600 lm2 lateral-structure devices
FIG. 1. Schematic conduction band diagrams showing the three different
EBL structures—the conventional bulk Al0.13Ga0.87N EBL, a 9-period
Al0.23Ga0.77N/GaN SL-EBL, and a 9-period AlxGa1xN/GaN GSL-EBL
(x varies from 0.23 to 0.15).
FIG. 2. (a) The energy band diagrams and (b) the hole concentration and
electron leakage current of the GaInN/GaN MQW LEDs with three different
EBL structures at an injection current level of 350mA calculated by APSYS
simulator.
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in the same processing run. The LED mesa structures were
obtained by photolithographic patterning followed by induc-
tively coupled plasma reactive-ion etching with BCl3/Cl2
gas. Subsequently, Ti/Al n-type ohmic contacts were depos-
ited on the exposed n-type GaN by electron-beam evapora-
tion and annealed at 650 C for 1min in N2 ambient. ITO
p-type ohmic contacts were deposited on the mesa and
annealed at 500 C for 1min in air ambient, followed by the
deposition of Cr/Au pad metal.
The grading of Al composition in the EBLs was exam-
ined by using high angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM). Figure 3
shows a schematic LED structure and the corresponding
HAADF STEM image. Enlarged HAADF-STEM images
show the intensity profiles of the three different EBL struc-
tures. Since the HAADF intensity is approximately propor-
tional to the square of atomic number, darker regions
represent the AlGaN while the brighter regions represent the
GaN. HAADF intensity of AlGaN decreases gradually from
the MQW active region to the p-type GaN layer, indicating
that the Al composition was properly graded.
Light output-current-voltage (L-I-V) characteristics of
the LEDs were measured by using a Keithley 2520 pulsed
laser diode test system with 10 ls pulse-duration and a 1%
duty cycle. Almost identical L-I-V characteristics are
obtained for each type of device. Figure 4 shows the repre-
sentative external quantum efficiency (EQE) as a function of
current density, and the inset shows the I-V characteristics.
The LEDs with 9-period GSL-EBL show a higher EQE
throughout the whole injection current density range as well
as a lower efficiency droop than that of the reference LEDs.
The efficiency droop at 100mA is measured to be 7.8% and
9.7% for the 9-period GSL-EBL and the reference LEDs,
respectively. However, at 20mA, the operating voltage for
the 9-period GSL-EBL LED is 3.05V, slightly higher than
that of the reference LED (3.00V), possibly due to the
thicker and more resistive AlGaN layer in the 9-period GSL-
EBL. The LEDs with a reduced number of periods of the
GSL, i.e., the 5-period GSL-EBL, show the lowest operating
voltage of 2.95V as expected, and a much reduced efficiency
droop of 5.6% but also the lowest peak efficiency.
In order to investigate the cause of the low peak effi-
ciency for the 5-period GSL-EBL LED, temperature-
dependent L-I-V characteristics were measured and analyzed
by using the ABþ f(n) model17–19 where A and B represent
the Shockley-Read-Hall (SRH) and radiative recombination
coefficients, respectively, and the f(n) represents the droop
causing term consisting of Auger coefficient and carrier leak-
age term. By considering this model, it is possible to esti-
mate the relative contribution of A, B, and f(n) coefficients to
the total recombination. Figure 5 shows temperature-
dependency of normalized light output power (LOP) and the
contribution of SRH recombination extracted from the
ABþ f(n) analyses at the relatively low current density of
5A/cm2 for temperatures ranging from 298K to 473K. It is
well known that the SRH non-radiative recombination plays
a relatively large role at low current densities and its lifetime
decreases with increasing temperature, leading to the
decrease in LOP and the increase in the fraction of SRH
recombination for all samples as the temperature
increases.17,20 Note that the LEDs with 5-period GSL-EBL
show a much more rapid increase in LOP and decrease in
SRH as the temperature increases than the other LEDs, indi-
cating that the SRH recombination is predominant in the
LEDs with 5-period GSL-EBL. We believe that the crystal
quality of the LEDs with 5-period GSL-EBL is somewhat in-
ferior to that of other LEDs, causing the increased SRH
recombination, thus lowering the peak efficiency at low cur-
rent densities as shown in Fig. 4. At high current densities,
FIG. 3. Schematic LED structure together with the corresponding HAADF
STEM image. Enlarged HADDF STEM images are 9-period GSL-EBL,
5-period GSL-EBL, and reference bulk EBL. GSL EBLs show gradual
decrease in Al composition from the MQW active region to the p-type GaN
layer.
FIG. 4. EQE as a function of injection current for the GaInN LEDs with
three different EBL structures. The inset shows the I-V characteristics.
FIG. 5. The Shockley-Read-Hall (SRH) fraction of the total recombination
as estimated from the ABþ f(n) model fit and normalized light output power
(LOP) as a function of temperature for the reference LED, the 5-period GSL
EBL LED, and the 9-period GSL EBL LED.
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however, the effect of SRH recombination becomes neg-
ligible compared to other high-current efficiency loss
mechanisms including carrier leakage and Auger recom-
bination. As a result, the higher efficiency of the 5-
period GSL-EBL LEDs was observed above the current
density of 200A/cm2. We anticipate that GSL-EBL
LEDs optimized in terms of crystal quality and structure
will show not only a higher efficiency with reduced
droop but also an even lower operating voltage than
LEDs with conventional bulk EBL.
In conclusion, we present a highly promising structure
for high power GaInN-based LEDs with, simultaneously,
reduced efficiency droop, enhanced overall efficiency, and
comparable operating voltage. The structure includes an
EBL composed of a p-doped graded-composition AlGaN/
GaN superlattice and enables better hole injection and
reduces electron leakage. It is experimentally shown that
GaInN/GaN MQW LEDs with the GSL-EBL show lower
efficiency droop and higher EQE as well as comparable or
even lower operating voltage compared to LEDs with con-
ventional AlGaN EBLs.
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